De novo truncating mutations in ARID1B, a chromatin-remodeling gene, cause Coffin-Siris syndrome, a developmental disorder characterized by intellectual disability and speech impairment; however, how the genetic elimination leads to cognitive dysfunction remains unknown. Thus, we investigated the neural functions of ARID1B during brain development. Here, we show that ARID1B regulates dendritic differentiation in the developing mouse brain. We knocked down ARID1B expression in mouse pyramidal neurons using in utero gene delivery methodologies. ARID1B knockdown suppressed dendritic arborization of cortical and hippocampal pyramidal neurons in mice. The abnormal development of dendrites accompanied a decrease in dendritic outgrowth into layer I. Furthermore, knockdown of ARID1B resulted in aberrant dendritic spines and synaptic transmission. Finally, ARID1B deficiency led to altered expression of c-Fos and Arc, and overexpression of these factors rescued abnormal differentiation induced by ARID1B knockdown. Our results demonstrate a novel role for ARID1B in neuronal differentiation and provide new insights into the origin of cognitive dysfunction associated with developmental intellectual disability.
Introduction
Intellectual disability is the most common developmental disorder, and is characterized by significant limitations in cognitive functioning and adaptive behaviors (Daily et al., 2000; Ellison et al., 2013) . The prevalence of intellectual disability is estimated to affect 1-3% of the general population (Maulik et al., 2011; Ellison et al., 2013) . The common syndromes associated with intellectual disability include autism, Down syndrome, fragile X syndrome, Coffin-Siris syndrome, and fetal alcohol spectrum disorder. Although intellectual disability can be caused by environmental insults, such as infection, trauma, and teratogens during pregnancy or at birth, the vast majority of cases are caused by genetic abnormalities (Ropers, 2010; Ellison et al., 2013) . Recent progression of genetic studies including whole-genome sequencing, exome sequencing, and genome-wide rearrangement analyses has increased understanding of the etiology by identifying associated genes.
ARID1B encodes AT-rich interactive domain containing protein 1B, also known as BAF250B, and is a member of the mammalian SWitch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complex (Ho and Crabtree, 2010; Ronan et al., 2013) . Using a DNA-binding domain, this protein targets the SWI/SNF complex to specific genes and facilitates DNA access for transcription factors (Wang et al., 2004; Li et al., 2010) . Importantly, recent genetic studies have revealed that mutations in the ARID1B gene cause nonsyndromic and syndromic intellectual disability including Coffin-Siris syndrome ( Mutations observed include deletions and truncations due to de novo nonsense or frameshift mutations as well as translocation, leading to ARID1B haploinsufficiency in the individuals with intellectual disability (Halgren et al., 2012; Hoyer et al., 2012; Santen et al., 2012) . Additionally, mutations of the ARID1B gene are also associated with autism and childhood neuroblastoma, which often accompany intellectual disability (Halgren et al., 2012; Sausen et al., 2013; De Rubeis et al., 2014; Iossifov et al., 2014) . Mouse embryonic stem cells lacking ARID1B show a reduced proliferation rate and perturbation of differentiation (Yan et al., 2008) . Neurobiological functions of ARID1B during brain development are unknown. Understanding how this genetic abnormality leads to alterations in brain development and cognitive function is essential for developing effective therapeutic interventions.
Dendritic and synaptic differentiation is important for establishing functional cognitive circuitry during brain development. Thus, abnormalities in these developmental processes are critically associated with the pathology of intellectual disability (Huttenlocher, 1974; Machado-Salas, 1984; Belichenko et al., 1994; Kaufmann and Moser, 2000; Armstrong, 2005) . We hypothesized that ARID1B plays important roles in dendritic arborization and spine formation during mammalian brain development. To investigate the functions and mechanisms of ARID1B in neuronal development, we used an in utero gene delivery strategy to eliminate ARID1B gene in developing neurons. In this study, we report that ARID1B is required for dendritic arborization and synaptic development in the brain. ARID1B knockdown resulted in aberrant dendritic branching, spine formation, and synaptic transmission. Furthermore, ARID1B elimination changed the expression of neurite growth-associated genes. Together, our findings reveal a novel function of ARID1B in pyramidal neuron development in the brain, and thereby advance our understanding of the mechanisms underlying intellectual disability.
Materials and Methods
Materials. Tetrodotoxin (Alomone Labs), picrotoxin (Tocris Bioscience), D-AP5 (Tocris Bioscience), and NBQX (Abcam) were purchased.
Plasmids. We generated two short hairpin (sh) ARID1Bs using two different targeting sequences (5Ј-GGAACCAGTTATGACCGAAGGC-3Ј and 5Ј-GCAAGTCAAAGGACAGCTATG-3Ј) and their complement sequences. The oligomers were cloned into a modified pSuper-Basic vector or pLVX-shRNA2 vector (Clontech), as previously described (Kim et al., 2006) . Additionally, we generated sh microARID1B (shmiARID1B) by cloning the same targeting sequences into pcDNA6.2-GW/EmGFP-miR (Life Technologies). For control, nonsilencing shRNAs were generated using scrambled targeting sequences (5Ј-GACGACTGCGACGGGATAATA-3Ј; 5Ј-GA ATACGACCGACACCTACTA-3Ј). Arc and c-Fos coding sequences were prepared by long-range PCR using cDNA from the mouse brain as a template. Amplified fragments were then digested with EcoRI and XbaI (Clontech) and were ligated into the overexpression vector pcDNA3.1 (Clontech). An ARID1B mutant construct that is resistant to shARID1B was generated by point mutating 6 nt in wobble positions at ϳ3978 bp. The shARID1B-resistant mutant was prepared by long-range fusion PCR using cDNA from the mouse brain as a template and ligated into the overexpression vector pcDNA3.1 (Clontech). Finally, the sequences of the targeting vector were confirmed by nucleotide sequencing. Human ARID1B plasmid was purchased from Addgene.
Immunostaining. Immunostaining of brain sections or dissociated cells was performed as described previously (Kim et al., 2005; Ka et al., 2014a) . The following primary antibodies were used: mouse anti-ARID1B (Abcam), mouse anti-microtubule-associated protein 2 (MAP2; Covance), rabbit anti-T-box brain 1 (Tbr1; Millipore Bioscience Research Reagents), rabbit anti-Cut-Like Homeobox 1 (Cux1; Santa Cruz Biotechnology), rabbit anti-glial fibrillary acidic protein (GFAP; DAKO), guinea pig anti-vGlut (Millipore), and rabbit anti-vesicular GABA transporter (vGAT; PhosphoSolutions). Appropriate secondary antibodies conjugated with Alexa Fluor dyes (Invitrogen) were used to detect primary antibodies.
In utero electroporation. In utero electroporation was performed as described previously (Ka et al., 2014a,b) . Timed pregnant female mice from embryonic day 14.5 (E14.5) of gestation were deeply anesthetized, and the uterine horns were gently exposed. The lateral ventricles of an embryonic brain were injected with plasmid DNA (2 g/l) and 0.001% fast green using a Picospritzer II (Parker Inc.). Electroporation was achieved by placing two sterile forceps-type electrodes on opposing sides of the uterine sac around the embryonic head and applying a series of short electrical pulses using a BTX ECM 830 electroporator (five pulses with 100 ms length separated by 900 ms intervals were applied at 45 V). The small electrical pulses drive charged DNA constructs into surrounding cells in the embryonic brain. Embryos were allowed to develop in utero for the indicated time. For hippocampal gene delivery, one lateral ventricle of an E14.5 brain was injected with a DNA mixture. The electrodes were placed at an angle to the opposite way of cortical targeting.
Morphometry. For the quantification of lengths, numbers, or thicknesses of dendrites and leading processes, images of 20 different brain sections at periodic distances along the rostrocaudal axis were taken with Zeiss LSM510 and LSM710 confocal microscopes and a Nikon Eclipse epifluorescence microscope with a QImaging CCD camera attached. Ten mice were used for each experiment (control mice, n ϭ 5; mutant mice, n ϭ 5). Dendritic morphologies in cultured neurons were also assessed with the microscopes. More than 20 fields scanned horizontally and vertically were examined in each condition. Cell numbers are described in the figure legends. The images were analyzed using ZEN (Zeiss), LSM image browser (Zeiss), QCapture software (QImaging), and ImageJ. The calculated values were averaged, and some results were recalculated as relative changes versus control.
For assessing colocalization, the ImarisColoc software of the Imaris software package (version 6.5, Bitplane) was used. A 3D perspective was rendered by the Surpass module of the software. The number of synapses was assessed by immunostaining samples with antibodies to excitatory (vGlut1) and inhibitory (vGAT) synaptic markers, and by counting vGlut1 (or vGAT) and GFP colocalized puncta on dendrites transfected with shRNAs. After background subtraction, the threshold value for each channel was automatically adjusted, following an algorithm previously described (Costes et al., 2004) . The colocalized voxels representing synapses were reported as the number of vGlut1 (or vGAT) and GFPpositive puncta per 30 m. Pearson's colocalization coefficient was chosen in the ImarisColoc software. This coefficient allows checking the statistical validity of the colocalization selection. For qualitative analysis of colocalization between ARID1B and Tbr1 (or ARID1B and Cux1) was performed within the immunostained volume of the brain. The colocalized voxels representing ARID1B on Tbr1 fluorescence were reported as the percentage of colocalized intensity.
For the Sholl analysis, concentric circles with an increasing radius (10 m increments) were placed around the cell body. The number of intersections of the dendrites and the concentric circles per radial distance from the soma were quantified. Briefly, 8-bit images of cultured neurons were traced using the NeuronJ plugin for ImageJ, and tracing files (*.ndf files) were generated. The data were organized and converted to SWC files using MATLAB (Mathworks), and the connectivity of the tracings was checked in NeuronStudio. Primary neuron cultures and transfection. Primary neuronal culture was described previously (Kim et al., 2006 (Kim et al., , 2009a . Briefly, cerebral cortices or hippocampi from E13.5-E18.5 mice were isolated and dissociated with trituration after trypsin/EDTA treatment. Then, the cells were plated onto poly-D-lysine/laminin-coated coverslips, and cultured in the medium containing neurobasal medium, 5% serum, B27 supplement, and N2 supplement.
Mouse cortical or hippocampal neurons were transfected with various plasmids as described previously (Ka et al., 2014a,b) . Briefly, embryonic cortices or hippocampi were dissociated and suspended in 100 l of Amaxa electroporation buffer with 1-10 g of plasmid DNA. Then, suspended cells were transferred to an Amaxa electroporation cuvette and electroporated with an Amaxa Nucleofector apparatus. After electroporation, cells were plated onto coated coverslips, and the medium was changed 4 h later to remove the remnant transfection buffer.
Lentivirus preparation. The same oligomers that were used for generating shARID1B were subcloned into BamHI and EcoRI sites of pLVXshRNA2 vector (Clontech) according to the manufacturer protocol. For efficient packaging to decrease the risk of recombination and produce replication competent viruses, pMDLg/pRRE and pRSV-Rev were used (Dull et al., 1998) . Viral particles were pseudotyped with pMD2.G plasmid encoding vesicular stomatitis virus G-protein. The lentivirus was generated by cotransfection of HEK 293T cells with four plasmids using a liposome-mediated gene transfer. After 48 h, the supernatant was collected and filtered through 0.45 m cellulose acetate filters. Higher titer stocks were obtained by an ultrafiltration device (Millipore) and stored frozen at Ϫ80°C. Lentiviral titers were determined by infecting HEK 293T cells at a density of 5 ϫ 10 5 cells/well with a serial dilution of the stock virus in the presence of polybrene (8 g/ml). The culture medium was changed 4 h later, and the cells were incubated for 2 d. High titers of engineered lentiviruses were produced (1 ϫ 10 8 infectious U/ml), as measured by green fluorescence colony formation on HEK 293T cells.
Western blotting. Western blotting was performed as described previously (Kim et al., 2004 (Kim et al., , 2009b . Cellular lysates from cultured neurons were prepared using RIPA buffer, and the protein content was determined by a Bio-Rad Protein Assay system. For examining nuclear/cytoplasmic localization, cultured neurons were fractionated into nuclear and cytoplasmic lysates using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific). Proteins were separated on a 3-8% or 4 -12% SDS-PAGE gradient gel and transferred onto a nitrocellulose membrane. Then the membrane was incubated with rabbit anti-c-Fos (Santa Cruz Biotechnology), rabbit anti-Arc (Santa Cruz Biotechnology), mouse anti-ARID1B (Abcam), rabbit anti-p-CREB (Cell Signaling Technology), mouse anti-ERK1/2 (Cell Signaling Technology), rabbit anti-phospho-ERK1/2 (Cell Signaling Technology), rabbit anti-p38 (Cell Signaling Technology), rabbit anti-phospho-p38 (Cell Signaling Technology), rabbit anti-JNK (Cell Signaling Technology), or rabbit anti-phospho-JNK (Cell Signaling Technology) at 4°C overnight. Appropriate secondary antibodies conjugated to HRP were used (Cell Signaling Technology), and ECL reagents (GE Healthcare) were used for immunodetection.
For quantification of band intensity, blots from three independent experiments for each molecule of interest were used. Signals were measured using ImageJ software and were represented by relative intensity versus control. GAPDH was used as an internal control to normalize band intensity.
RT-PCR. RNA was extracted from cultured neurons using TRIzol reagent (Invitrogen), and cDNA was synthesized from 1 g of total RNA using oligo-dT and random hexamers using the Thermo Scientific Verso cDNA synthesis kit (ThermoFisher Scientific). A measure of 1 l of cDNA was used in a RT-PCR using Master Mix (Promega). The sequences of the primers used were as follows: c-Fos, forward 5Ј-TTGCCAATCTGCTGAAAGAG-3Ј, and reverse 5Ј-ACGTTGCTGATGCTCTTGAC-3Ј (240 bp); Arc, forward 5Ј-CTGAGCCACCTGGAAGAGTAC-3Ј, and reverse 5Ј-CTGGTCAA GTGGCTCACCCTG-3Ј (240 bp); Stathmin-Like 2 (STMN2), forward, 5Ј-AACAGCAATGGCCTACAA-3Ј, and reverse 5Ј-TCTTCTCTGCCAATT GTT-3Ј (319 bp); G-protein-regulated inducer of neurite outgrowth (GPRIN1), forward 5Ј-CCGACCCACAGCCTTCTT-3Ј, and reverse 5Ј-GCTTCCCAGACGTGGTGG-3Ј (319 bp); growth-associated protein 43 (GAP43), forward 5Ј-AAGTCCTGCTCTGAATTA-3Ј, and reverse 5Ј-GGGGCTTCATCCTTCTTA-3Ј (319 bp); ARID1B, forward 5Ј-ATG GCGCTTTTATCGAACCT-3Ј, and reverse 5Ј-CCGGCACATCATG TCTACAC-3Ј (198 bp); and GAPDH, forward 5Ј-AAGGTCATCCCAG AGCTGAA-3Ј, and reverse 5Ј-AGGAGACAACCTGGTCCTCA-3Ј (196 bp) .
Chromatin immunoprecipitation assay. The chromatin immunoprecipitation (ChIP) assay was performed using the Magna-CHIP A Chromatin Immunoprecipitation Kit (Millipore) according to the manufacturer protocol. We cultured cortical cells from E14.5 mice for 4 d and infected them with a lentivirus to knock down ARID1B. Formaldehyde at 1% concentration was added to the culture medium at room temperature to cross-link chromatin proteins to genomic DNA. After 10 min, the cells were washed twice and scraped off in ice-cold PBS containing Protease Inhibitor Cocktail II (Millipore). Cells were pelleted, resuspended in lysis buffer, and subjected to sonication to reduce the size of DNA to ϳ200 -1000 bp in length. Protein A magnetic beads and 5 g of anti-IgG, anti-Brg1 (Abcam), or anti-AcetylHistone H3 antibody (Abcam) were added to the chromatin solution and incubated overnight at 4°C with rotation. After washing and elution, crosslinks of the protein/DNA complexes were reversed to free DNA by the addition of proteinase K and incubation at 62°C for 2 h followed by further incubation at 95°C for 10 min. Then, the DNA fragments were purified and used for PCR. The primer sequences were c-Fos forward 5Ј-TGTATGCC AAGACGGGGGTT-3Ј and reverse 5Ј-AGAGCAGAGCTGGGTGG GAG-3Ј or Arc forward 5Ј-TGTGAAGGGGCGGGTCCTTGA-3Ј and reverse 5Ј-AAGGGAGCAGAGCCGGCGGCT-3Ј. All primers were initially tested for their specificity by running PCR samples on an agarose gel.
Whole-cell electrophysiology and data analysis. Voltage-clamp wholecell recordings were obtained from cultured neurons at room temperature (22-25°C). An external solution containing 150 mM NaCl, 3 mM KCl, 10 mM HEPES, 6 mM mannitol, 1.5 mM MgCl 2 , and 2.5 mM CaCl 2 , pH 7.4, was used for the recordings. Glass pipettes with a resistance of 5-8 m⍀ were filled with an internal solution consisting of 110 mM cesium gluconate, 30 mM CsCl, 5 mM HEPES, 4 mM NaCl, 0.5 CaCl 2 , 2 mM MgCl 2 , 5 mM BAPTA, 2 mM Na 2 ATP, and 0.3 mM Na 2 GTP, pH 7.35. Neurons were held at a holding potential of Ϫ70 mV for mEPSCs and 0 mV for mIPSCs. For recording mEPSCs, 1 M tetrodotoxin and 100 M picrotoxin were added to the external recording solution, and for mIPSCs 1 M tetrodotoxin, 10 M NBQX, and 50 M D-AP5 were added. The signal was filtered at 2 kHz and digitized at 20 kHz using an Axon Digidata 1440A analog-to-digital board (Molecular Devices). Recordings were performed from three independent cultures. Recordings with a pipette access resistance of Ͻ20 m⍀ and with Ͻ20% changes during the duration of recording were included. The mEPSC and mIPSC recordings were analyzed using Mini Analysis software (Synaposoft) with an amplitude threshold set at 6 -8 pA. The frequency, amplitude, and decay were measured in each group.
Statistical analysis. Normal distribution was tested using the Kolmogorov-Smirnov test, and variance was compared. Unless otherwise stated, statistical significance was determined by two-tailed unpaired Student's t test for two-population comparison or one-way ANOVA with Bonferroni correction test for multiple comparisons. Data were analyzed using GraphPad Prism and were presented as the mean Ϯ SEM. For determining and confirming the N numbers (sample sizes), we have performed a power analysis using the Java applets program developed by Dr. Russel Lenth (University of Iowa, Iowa City, IA; http:// homepage.stat.uiowa.edu/ϳrlenth/Power/). The values for the power (1 Ϫ ␤) and the type I error rate (␣) were 0.8 and 0.05 (or 0.01), respectively. Each experiment in this study was performed blind and randomized. Animals were assigned randomly to the various experimental groups, and data were collected and processed randomly. The allocation, treatment, and handling of animals were the same across study groups. Control animals were selected from the same litter of the test group. Pups weighing Ͻ20% of the intergroup and intragroup average were excluded from the experiments. The individuals conducting the experiments were blinded to group allocation and the allocation sequence.
Results

Neural expression of ARID1B
To begin exploring the role of ARID1B in neuronal development, we first assessed the expression patterns of ARID1B by immunostaining in the developing cortex. At E15 and E20 of embryonic developmental stages, ARID1B was highly expressed in the cortical plate (Fig. 1A) . In contrast, low levels of ARID1B expression were detected in the ventricular/subventricular zone and intermediate zone at these stages. ARID1B-positive cells were found throughout the cerebral cortex at postnatal day 7 (P7) and P21, as cortical layers expand. Still, white matter in the intermediate zone was barely stained with an ARID1B antibody. The patterns of ARID1B immunolabeling in the cortical plate suggested that the protein is expressed in cortical neurons. Thus, we colabeled P7 , suggesting roles for ARID1B in pyramidal neuron differentiation. However, ARID1B was barely expressed in GFAP-positive astrocytes (bottom row). Right panels showed orthogonal views of z-stacked confocal images to confirm the coexpression of ARID1B and Tbr1 (or Cux1) in the cell. The fourth column shows higher-magnification images. C, Top panels, ARID1B immunostaining in MAP2-positive neurons in culture. Scale bar, 25 m. Bottom panels, Low level of ARID1B was detected in GFAP-positive astrocytes (arrows), compared with GFAP-negative cells (arrowheads). Scale bar, 20 m. D, ARID1B was present in the nucleus as it was colocalized with DAPI. E, Intracellular localization of ARID1B. P7 brain lysates were fractionated into the nuclear and the cytosolic fractions. Western blotting showed that ARID1B protein was enriched in the nuclear fraction. Histone H3 was blotted as a control. F, Top panels, ARID1B was strongly expressed in the granule cell layer of the hippocampus at P7. Middle row, Higher-magnification images of the granule layer of the hippocampus after coimmunostaining of ARID1B with NeuN, ARID1B, and calbindin, or GFAP antibody. Bottom panels show that ARID1B expression was markedly reduced in GFAP-positive cells (arrow) compared with negative cells (arrowhead). Scale bar, 500 m. G, Quantification of ARID1B levels in different types of cells by ImageJ. (Figure legend continues.) brain sections with antibodies against ARID1B and neuronal layer markers, and found that ARID1B was highly expressed in cortical pyramidal neurons marked by Cux1 or Tbr1 (Fig. 1B , top and middle panels). Furthermore, colabeling of ARID1B with a MAP2 antibody in cortical culture confirmed the expression of the protein in neurons (Fig. 1C , top panels). In contrast to the strong expression in neurons, ARID1B was barely detected in astrocytes in the developing brain (Fig. 1B , bottom panels). To confirm the exclusive expression of ARID1B in neurons, we assessed ARID1B levels in cultured cells dissociated from the developing cerebral cortex. While MAP2-positive neurons showed robust expression of ARID1B, GFAP-positive astrocytes expressed ARID1B at a markedly lower level compared with the neighboring cells (Fig. 1C , bottom panels). Thus, ARID1B is expressed almost exclusively in neuronal populations in the developing brain. Within the cell, ARID1B was localized in the nucleus, as shown by the colabeling of ARID1B and DAPI ( Fig. 1D ), reflecting its identity as a member of a chromatin remodeling complex. To confirm the intracellular localization of ARID1B, we performed Western blotting to detect ARID1B in fractionated cellular compartments such as the nucleus and the cytoplasm. A Western blot showed that ARID1B was mostly localized in the nucleus, as expected, which is similar to a chromatin-associated protein, histone H3 (Fig. 1E) . Finally, there was strong expression of ARID1B in the pyramidal neuron layer of the hippocampus at P7 (Fig. 1F ) . NeuN-positive general neu- .) Twenty sections from five mice for each condition were analyzed. Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. H, Western blotting showing ARID1B expression in several brain regions. DT, dorsal telencephalon; VT, ventral telencephalon. I, Quantification of H. n ϭ 3 independent experiments using three mice. Statistical significance was determined by two-tailed Student's t test. No significance was found. J, Western blotting with an ARID1B antibody was performed using lysates from wild-type and ARID1B knock-out stem cells.
rons and calbindin-positive interneurons expressed ARID1B, while astrocytes showed little expression in the hippocampus. The level of ARID1B was similar between NeuN-positive and calbindin-positive cells, but it was decreased significantly in GFAP-positive cells (Fig. 1G) . These results show that ARID1B is expressed in cortical and hippocampal neurons during embryonic and postnatal brain development, and suggest the role of the protein in neuronal development. Additionally, we examined ARID1B expression levels in several areas of E20 mouse brains, including the dorsal telencephalon, the hippocampus, the ventral telencephalon, and the cerebellum (Fig. 1H ) . ARID1B was expressed broadly throughout the brain regions. The expression level appeared to be higher in the ventral telencephalon than in other areas, but the difference was not significant (Fig. 1I ) . The ARID1B antibody was validated by Western blotting using lysates from ARID1B knock-out stem cells (Fig. 1J ).
ARID1B knockdown suppresses dendritic arborization
To investigate the role of ARID1B in pyramidal neuron morphogenesis, we generated two shRNAs (shARID1Bs) that recognize ARID1B transcripts. The validity of shARID1Bs was tested by Western blotting and immunostaining. A Western blot showed that shARID1B-mediated knockdown of ARID1B decreased the level of ARID1B by 52% compared with control conditions [shARID1B, 0.48 Ϯ 0.03 arbitrary unit (A.U.) ratio to control band intensity (A.U.); control: 1.0 Ϯ 0.01 A.U.; p Ͻ 0.0001; Fig.  2 A, B] . Then, we introduced either a control or shARID1B construct by in utero electoporation into E14.5 embryos and assessed the dendritic morphology at P7. The electroporation resulted in the labeling of soma and dendrites of layer II-IV pyramidal neurons in the developing cortex. Control neurons start generating apical and basal dendritic branches (Fig. 2C,D) .
Generally, control neurons developed several primary apical and basal dendrites, and elaborated multiple short branches from the primary apical dendrites. However, ARID1B knockdown resulted in smooth apical dendrites without dendritic branches. The number of primary dendrites was decreased by 50% in ARID1B-deficient neurons (shARID1B: 2.6 Ϯ 0.3; control: 5.2 Ϯ 0.4; p ϭ 0.000399) compared with controls (Fig. 2E) . Furthermore, ARID1B deficiency dramatically suppressed the formation of secondary and tertiary apical dendrites by 68% (number of dendrites in shARID1B: 1.16 Ϯ 0.2; number of dendrites in control: 3.61 Ϯ 0.3; p Ͻ 0.0001) and 89% (number of dendrites in shARID1B: 0.3 Ϯ 0.2; number of dendrites in control: 2.8 Ϯ 0.4; p Ͻ 0.0001), respectively, which are indicative of dendritic arborization. Dendritic morphology of pyramidal neurons becomes rapidly complicated with time during early postnatal brain development.
We next wondered whether the dendritic branching impairment in ARID1B-deficient neurons is transient or persists into later postnatal stages. Thus, we assessed dendritic arborization patterns in P14 brain samples. While control neurons further elaborated secondary and tertiary apical dendrites, as well as primary basal dendrites, ARID1B-deficient neurons showed a markedly simple dendrite morphology (Fig.  2 F, G) . Compared with control neurons, the numbers of primary, secondary, and tertiary dendrites were strongly reduced by 30% in ARID1B-deficient pyramidal neurons (shARID1B: 4.3 Ϯ 0.4; control: 6.1 Ϯ 0.4; p ϭ 0.031933), 44% (shARID1B: 1.5 Ϯ 0.2; control: 2.8 Ϯ 0.4; p ϭ 0.014004), and 88% (shARID1B: 0.4 Ϯ 0.3; control: 3.2 Ϯ 0.4; p ϭ 0.000243), respectively (Fig. 2H ) . ARID1B elimination also led to decreases in the lengths of total and apical dendrites by 58% (shARID1B: 204 Ϯ 15 m; control: 485 Ϯ 28 m; p ϭ 0.000334) and 65% (shARID1B: 121 Ϯ 10 m; control: 345 Ϯ 17 m; p Ͻ 0.0001). Additionally, we also assessed the effect of ARID1B in a neuronal culture that was treated with antimitotic agent cytosine arabinoside (AraC). Adding AraC reduces glial contamination by eliminating proliferating glial cells. GFAP and MAP2 double immunostaining confirmed that cells in the AraC-treated culture were mostly neurons (Fig. 2J ) . AraC-treated cultures contained 98.8% MAP2-positive neurons and 1.2% GFAP-positive glial cells, while control cultures had 89.2% neurons and 10.8% glial cells. ARID1B-deficient neurons generated shorter dendrites (shARID1B: 379 Ϯ 36 m; control: 1100 Ϯ 54 m; p ϭ 0.000396) and fewer dendrites (shARID1B: 7 Ϯ 0.7; control: 14.4 Ϯ 0.9; p ϭ 0.000323) in the culture compared with controls ( Fig. 2 I, J ) , indicating the ARID1B effect is cell autonomous. Dendritic complexity was also assessed by Sholl analysis, which measures the number of crossing points of dendrites in a distance from the soma. Similar to the results cited above, dendritic complexity, shown as the numbers of intersections and terminals of dendrites in concentric circles, was reduced in ARID1B-deficeint cells compared with controls (shARID1B: 4.8 Ϯ 0.7; control: 10.1 Ϯ 0.9; p ϭ 0.000205; Fig. 2K ) .
We tested two different shRNAs against ARID1B using different targeting sequences and observed that both shRNAs significantly decreased dendritic branching in the developing brain. Nevertheless, we further generated shmiRNAs against ARID1B due to the potential off-target effect of shRNAs. A precious study (Alvarez et al., 2006) has shown that RNA interference with shRNAs can have off-target effects that reduce the complexity of dendrites in the brain. shmiRNAs drive the production of long RNA hairpins with endogenous miRNA loop and flanking sequences, and thus undergo more natural miRNA processing and largely overcome the off-target effects of shRNA (Bauer et al., 2009; Baek et al., 2014) . We found that ARID1B knockdown using shmiARID1B resulted in apical and basal dendrites with markedly shorter dendrites (shmiARID1B: 148 Ϯ 12 m; control: 333 Ϯ 9 m; p Ͻ 0.0001) and fewer dendritic branches (primary shmiARID1B: 4.4 Ϯ 0.2; primary control: 6.2 Ϯ 0.4; p ϭ 0.003815; secondary shmiARID1B: 2.1 Ϯ 0.4; secondary control: 4.6 Ϯ 0.2; p ϭ 0.000672; tertiary shmiARID1B: 0.3 Ϯ 0.02; tertiary control: 4.6 Ϯ 0.4; p Ͻ 0.0001; Fig. 2L-N ) , which were observed in shARID1B experiments (Fig. 2C-K ) . Furthermore, we generated an ARID1B mutant construct that is resistant to shARID1B by point mutating 6 nt in wobble positions at ϳ3978 bp. Then we electroporated E14 embryos with the construct and an shARID1B in utero, and assessed dendritic phenotypes at P14. We found that coexpression of the shARID1B-resistant mutant suppressed the inhibitory effect of shARID1B on dendritic development, as assessed in the length (control: 392 Ϯ 13 m; shARID1B: 193 Ϯ 16 m; shARID1B/shARID1B-resistant: 383 Ϯ 15 m; p ϭ 0.000133 between shARID1B and shARID1B/hARID1B-resistant) and the number of secondary apical dendrites (control: 5 Ϯ 0.3; shARID1B: 2.4 Ϯ 0.2; shARID1B/shARID1B-resistant: 5.2 Ϯ 0.4; p ϭ 0.000243 between shARID1B and shARID1B/ shARID1B-resistant) and tertiary apical dendrites (control: 5.2 Ϯ 0.4; shARID1B: 1.4 Ϯ 0.3; shARID1B/shARID1B-resistant: 5 Ϯ 0.6; p ϭ 0.000323 between shARID1B and shARID1B/shARID1B-resistant; Fig. 2O,P) .
Orientation of dendritic branches contributes to the establishment of the local connectivity. We observed that control Figure 2 . ARID1B regulates dendritic arborization of cortical pyramidal neurons. A, shARID1B knocks down endogenous ARID1B in cortical neurons. Isolated cortical cells from E16.5 mice were transfected with either a scrambled shRNA control or an shARID1B construct, and cultured for 7 d. Western blots showed that the level of ARID1B was markedly decreased in cellular lysates of shARID1B transfection, compared with the level in control lysates. B, Quantification of A. The band intensities were measured using ImageJ. n ϭ 3 independent cortical cultures using three mice. Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. C, Elimination of ARID1B suppresses dendritic arborization of pyramidal neurons in the developing cortex. E14.5 mouse brains were electroporated in utero with a nonsilencing control or shARID1B construct to target radially migrating pyramidal neurons. The electroporated (Figure legend continues. ) Figure 2 . (Figure legend continued.) brains were collected at P7, and dendritic morphologies were assessed by visualizing GFP expression. Scale bar, 20 m. D, Representative single-cell traces of control and shARID1B-electroporated pyramidal neurons shown in C, demonstrating the reduced complexity in ARID1B-deficient pyramidal neurons. E, The numbers and lengths of dendrites were quantified. The number of primary, secondary, and tertiary dendrites were decreased in ARID1B-deficient neurons, compared with controls. n ϭ 75 cells from five mice for each condition. Statistical significance was determined by two-tailed Student's t test. Data shown are the mean Ϯ SEM. Stars indicate a significant difference when compared with controls. (Figure legend continues.) neurons generally extended basal dendrites laterally and toward the ventricular zone (Fig. 3) . However, basal dendrites of ARID1B-deficient neurons were oriented more laterally, compared with control basal dendrites. Additionally, ARID1B-deficient basal dendrites were shorter than those of control neurons (Fig. 3) . The orientation of apical dendrites did not appear to be different between control and ARID1B-deficient neurons. Most apical dendrites were oriented toward the pial surface. Together, these results reveal that ARID1B is required for normal dendritic arborization and the orientation of cortical pyramidal neurons during development.
We further examined dendritic arborization in layer I. Correct innervation of dendrites into layer I is important because this layer receives inputs from local inhibitory interneurons and longrange axons of subcortical regions, which is thought to be vital for cognitive processes (Shipp, 2007) . After the electroporation of the control or shARID1B construct in utero at E14.5, the dendritic innervation pattern within layer I was examined in P14 brains. In control samples, dendritic tufts from layer II/III pyramidal neurons of the lateral cortex elaborated complex branches, filling up the layer (Fig. 4A) . Furthermore, apical dendrites in layer I extended to the pial surface, which is shown by intense GFP staining along the pial surface in control brains (Fig. 4A, arrowheads) . In contrast, there was a decrease in the outgrowth of ARID1B-deficient dendrites into layer I. Dendrites contacting the pial surface were markedly reduced in ARID1B-deficient samples (Fig.  4A, arrowheads) . We found a similar defect of dendritic elaboration of ARID1B-deficient neurons in the medial cerebral cortex (Fig. 4B) . The numbers of dendritic arbors contacting the pial surface (shARID1B: 24.9 Ϯ 3; control: 108.3 Ϯ 4; p ϭ 0.000182) as well as apical dendrites in the marginal zone (shARID1B: 83.2 Ϯ 3; control: 110.9 Ϯ 8; p ϭ 0.036906) were reduced by 77% and 25%, respectively, in shARID1B-electroporated brain samples (Fig. 4C) .) ***p Ͻ 0.001. F, Dendritic arborization was examined at P14 after same experiments were performed, as in C. Scale bar, 25 m. G, Representative single-cell traces shown in F. H, Quantification of the numbers and lengths of dendrites. n ϭ 76 cells from five mice for control, and 72 cells from five mice for shARID1B. Statistical significance was determined by two-tailed Student's t test. *p Ͻ 0.05, ***p Ͻ 0.001. I, ARID1B deficiency inhibits dendritic arborization in dissociated neuronal culture. Primary neurons were isolated from E18.5 cerebral cortices, transfected with a control shRNA or shARID1B plasmid, and cultured for 7 d in the presence of AraC. Dendritic morphology was examined by immunostaining with a MAP2 antibody. Scale bars, 10 m. J, Quantification of the number and length of dendrites. n ϭ 86 cells from three independent cultures for each condition (left two graphs). Cell type composition of AraC-treated culture was shown as the percentages of MAP2-positive neurons and GFAP-positive glial cells (right graph). Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. K, Left, Sholl analysis of dendritic complexity in ARID1B-deficient neurons. The numbers of intersections of dendrites were counted on concentric circles distanced from the soma (middle panel). Right, The number of dendritic terminals. L, shmiRNA-mediated ARID1B knockdown inhibits dendritic arborization of pyramidal neurons in the developing cortex. A control shmiRNA or shmiARID1B construct was electroporated in utero into E14.5 mice, and dendritic arborization patterns were examined at P14. Scale bar, 25 m. M, Representative traces of single cells shown in L. N, Quantification of the number and length of dendrites. n ϭ 78 cells from five mice for each condition. Statistical significance was determined by two-tailed Student's t test. **p Ͻ 0.01, ***p Ͻ 0.001. O, Coexpression of shARID1B-resistant mutant suppressed the inhibitory effect of shARID1B in dendritic growth. P, Quantification of the number and length of dendrites. n ϭ 40 cells from five mice for each condition. Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. 
ARID1B regulates dendritic development of hippocampal neurons
For the establishment of functional hippocampal circuitry, neurons in the hippocampus need to be connected through dendrites and axons during brain development. We showed that ARID1B is required for dendritic arborization of cortical neurons. These findings strongly suggest that this protein carries similar roles during hippocampal development. To examine this possibility, we decided to eliminate the ARID1B gene in hippocampal pyramidal neurons using an in utero electroporation with a modification that features a different orientation of electrodes compared with cortical neuron targeting (Fig. 5A) . Using this technique, we delivered shARID1B into the lower medial cortex of E14.5 mouse brains, which forms the hippocampus at later developmental stages. Then, ARID1B knockdown effects were assessed in P14 brain samples. We investigated the dendritic arborization of hippocampal pyramidal neurons in control and shARID1B-electroporated neurons. Control neurons developed complex apical and basal dendrites with multiple branches (Fig. 5 B, C) ; however, ARID1B-deficient cells generated few dendritic branches. We found that the numbers of secondary and tertiary dendrites as well as primary and total dendrites were reduced in ARID1B-deficient neurons. Particularly, there were 62% and 92% decreases in secondary dendrites (shARID1B: 1.6 Ϯ 0.2; Figure 4 . ARID1B deficiency suppresses dendritic outgrowth into layer I. A, Dendritic extension patterns of ARID1B-deficient neurons. Control shRNA or shARID1B was electroporated in utero into E14.5 embryos, and dendritic innervation was assessed in layer I of P7 brains. Apical dendrites of ARID1B-deficient neurons innervated into the layer markedly less than control dendrites. Arrowheads show the pial areas where dendritic tufts of control or ARID1B-deficient neurons made contacts and elaborated branches. Scale bar, 10 m. B, Images taken from the same brain samples as in A showed dendritic morphologies in layer I of medical cerebral cortex. Scale bar, 50 m. C, Quantification of dendritic innervation in layer I. The GFP-positive areas, the numbers of dendritic fibers, the numbers of fibers contacting the pial surface, and the GFP intensity alongside the pia were measured using ImageJ. Twenty sections from five mice for each condition were analyzed. Statistical significance was determined by two-tailed Student's t test. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Genes are injected into a hemisphere and electroporated in utero. Forceps-type electrodes are placed to generate shocks toward the unfolded hippocampal sulcus near cortical hem in the medial cortex (blue), which eventually becomes dentate gyrus and cornu ammonis at later developmental stages. B, Control shRNA or shARID1B plasmid was electroporated in utero into E14.5 mouse embryos, as described in A. GFP-positive pyramidal neurons in P14 hippocampal CA1 region were visualized. Arborization of dendrites was suppressed when ARID1B was eliminated. Scale bar, 25 m. C, Representative single-cell traces showing dendritic morphologies of control and shARID1B-electroporated hippocampal neurons. D, Quantification of lengths and numbers of dendrites in control and ARID1B-deficient cells. n ϭ 75 cells from five mice for control, and 69 cells from five mice for shARID1B. Statistical significance was determined by two-tailed Student's t test. *p Ͻ 0.05, ***p Ͻ 0.001. E, Coexpression of the shARID1B-resistant mutant suppressed the inhibitory effect of shARID1B in hippocampal dendritic growth. F, Quantification of the number and length of dendrites. n ϭ 40 cells from five mice for each condition. Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. control: 4.2 Ϯ 0.4; p ϭ 0.000399) and tertiary dendrites (shARID1B: 0.4 Ϯ 0.1; control: 4.8 Ϯ 0.4; p Ͻ 0.0001) in ARID1B-deficient neurons, respectively (Fig. 5D) . The lengths of primary apical dendrites (shARID1B: 211 Ϯ 8 m; control: 265 Ϯ 12 m; p ϭ 0.01819) and total apical dendrites (shARID1B: 243 Ϯ 13 m; control: 410 Ϯ 11 m; p ϭ 0.000140) were also significantly decreased when ARID1B was eliminated in the hippocampal neurons. To confirm the shARID1B effect on Figure 6 . Elimination of ARID1B leads to abnormal formation of dendritic spines. A, Spine morphology of neurons expressing shARID1B in vivo. Embryonic mice at E14.5 were electroporated with a control shRNA or shARID1B construct in utero. At P40, brains were collected and sliced for the assessment of spine morphology. Spines of cortical pyramidal neurons were examined by confocal microscopy. Compared with controls, ARID1B-deficient neurons developed fewer and shorter spines. Scale bar, 5 m. B, Higher-magnification images of dendritic spines. C, Quantification of spine development. Numbers, lengths, and head sizes of spines were examined. n ϭ 33 cells and 883 spines from five mice for control, and 39 cells and 352 spines from five mice for shARID1B. Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. Recordings were performed at Ϫ70 mV. Data were filtered at 2 kHz (1 kHz for presentation) and digitized at 20 kHz. B, The interevent interval of mEPSCs was increased in ARID1B-deficient neurons compared with controls (left graph). Amplitude, rise time, or decay of currents was not changed (middle graphs). n ϭ 9 cells for each condition from three independent cultures using three mice. C, Representative whole-cell voltage-clamp recording showing mIPSCs as upward deflections from control and shARID1B-transfected neurons. Recordings were performed at 0 mV. Data were filtered at 2 kHz (1 kHz for presentation) and digitized at 20 kHz. D, A significantly increased interevent interval in mIPSCs was observed in ARID1B-deficient neurons. No differences in the amplitude or decay of currents were observed. n ϭ 8 cells for each condition from three independent cultures using three mice. Statistical significance was determined by two-tailed Student's t test. *p Ͻ 0.05, **p Ͻ 0.01. E, Coexpression of the shARID1B-resistant construct inhibited the shARID1B effect. F, ARID1B knockdown reduces the number of excitatory and inhibitory synapses. Cortical neurons from E18.5 mice were cultured for 14 d after transfecting them with control shRNA or shARID1B. Excitatory and inhibitory synapses were assessed by immunostaining with vGlut1 and vGAT antibodies. Scale bar, 5 m. G, Quantification of synaptic numbers shown in F. n ϭ 40 cells from three independent cultures using three mice for each condition. Statistical significance was determined by two-tailed Student's t test. *p Ͻ 0.05, ***p Ͻ 0.001. Figure 8 . Effects of ARID1B knockdown on gene expression. A, Elimination of ARID1B decreases the transcript level of c-Fos and Arc. Cortical neurons from E16.5 mice were cultured and infected with a lentivirus encoding ARID1B shRNA (pLVX-shARID1B). Cellular lysates from the cultures were subjected to RNA isolation and RT-PCR. B, Quantification of A. The relative levels of the genes were normalized to GAPDH expression. The band intensities were measured using ImageJ. n ϭ 3 independent cortical cultures using three mice. Statistical (Figure legend continues.) hippocampal dendrites, we electroporated control, shARID1B, or shARID1B and the shARID1B-resistant construct into the hippocampus at E14 in utero, and assessed dendritic morphology at P14. We found that coexpression of the shARID1B-resistant mutant rescued the abnormal dendritic morphology caused by shARID1B in the hippocampus. The length of apical dendrites in cells coexpressing shARID1B and the shARID1B-resistant construct was increased compared with shARID1B alone, and was similar to the length of control dendrites (control: 447 Ϯ 26 m; shARID1B: 194 Ϯ 19 m; shARID1B/shARID1B-resistant: 451 Ϯ 33 m; p Ͻ 0.0001 between shARID1B and shARID1B/ shARID1B-resistant dendrites). The numbers of secondary apical dendrites (control: 4.2 Ϯ 0.2; shARID1B: 2.2 Ϯ 0.2; shARID1B/ shARID1B-resistant: 4.4 Ϯ 0.3; p ϭ 0.000117 between shARID1B and shARID1B/shARID1B-resistant) and tertiary apical dendrites (control: 4.6 Ϯ 0.4; shARID1B: 1.0 Ϯ 0.3; shARID1B/ shARID1B-resistant: 4.8 Ϯ 0.6; p ϭ 0.000439 between shARID1B and shARID1B/shARID1B-resistant) were also increased (Fig. 5E,F ) . Together, our results demonstrate the requirement of ARID1B for dendritic arborization in the developing hippocampus.
ARID1B is required for normal development of dendritic spine and synaptic transmission
Dendritic spines are the sites of synaptic contacts and, therefore, are the basis of synaptic circuitry. We examined whether ARID1B plays a role in dendritic spine formation. After in utero electroporation of control or shARID1B, dendritic spines of cortical pyramidal neurons were examined at P42. We found that ARID1B-deficient neurons generated fewer and shorter spines compared with controls ( Fig. 6 A, C) . Compared with controls, the number and length of spines, respectively, were decreased by 65% (shARID1B: 3.4 and 10 Ϯ 0.5 m; control: 9.8 and 10 Ϯ 0.4 m; p Ͻ 0.0001) and by 45% (shARID1B: 1.2 Ϯ 0.2 m; control: 2.2 Ϯ 0.3 m; p Ͻ 0.0001) in ARID1B-deficient neurons. The abnormal spines appeared as short filopodia that were not fully developed to form spine heads (Fig. 6B) . Accordingly, the size of the spine head was reduced by 43% in ARID1B-deficient neurons (shARID1B: 0.25 Ϯ 0.02 m; control: 0.75 Ϯ 0.06 m; p Ͻ 0.0001; Fig. 6 B, C) . Given that the abnormal formation of dendritic spines is associated with the pathology of intellectual disability, these findings suggest that ARID1B deficiency causes intellectual disability at least in part via disrupting spine morphogenesis. Our data demonstrate that ARID1B plays essential roles in dendritic spine development in cortical projection neurons.
Next, we examined the functional relevance of the abnormal morphogenesis of dendrites and spines in ARID1B-deficient neurons. We asked whether ARID1B knockdown affects excitatory and inhibitory neurotransmission. Whole-cell recordings from neurons transfected with either control or shARID1B were performed. The neurons were visualized by GFP expression. We observed an increase in the interevent interval of mEPSCs from ARID1B-deficient neurons ( p Ͻ 0.0001, Kolmogorov-Smirnov test; Fig. 7 A, B) . But, the amplitude (shARID1B: 11.74 Ϯ 1.8 pA; control: 11.08 Ϯ 1.0 pA; p ϭ 0.76705), rise time (shARID1B: 2.295 Ϯ 0.27 ms; control: 2.435 Ϯ 0.21 ms; p ϭ 0.4235), or decay (shARID1B: 10.72 Ϯ 1.8 ms; control: 10.45 Ϯ 1.2 ms; p ϭ 0.90545) of mEPSCs was not significantly changed. Together with dendritic morphology data, these results suggest that ARID1B is necessary for the development of excitatory synapses. We further tested whether ARID1B selectively affects excitatory or inhibitory synapses by recording mIPSCs in the presence of NBQX and D-AP5. We found that the mIPSC interevent interval was also increased in ARID1B-deficient neurons ( p Ͻ 0.0001, Kolmogorov-Smirnov test; Fig. 7C,D) . To confirm the ARID1B knockdown effect, we measured the interevent interval of mEPSCs and mIPSCs after we transfected shARID1B with the shARID1B-resistant construct (Fig. 7E) . We found that coexpression of the shARID1B-resistant construct rescued the abnormal interevent interval caused by shARID1B. The increase in the interevent interval of the mEPSC and mIPSC was to a similar extent, suggesting that ARID1B plays a critical role in the development/function of both excitatory and inhibitory synapses. The increased interevent interval of mEPSCs and mIPSCs suggests that ARID1B knockdown reduces the number of synapses. Thus, we examined whether ARID1B knockdown changes the number of excitatory and inhibitory synapses by immunostaining with antibodies to synaptic markers vGlut1 (excitatory) and vGAT (inhibitory). We found that the numbers of excitatory and inhibitory synapses were reduced by 54% (shARID1B: 1.8/10 Ϯ 0.33 m; control: 4.1 Ϯ 0.30/10 m; p ϭ 0.000617) and 48% (shARID1B: 1.13 Ϯ 0.24/10 m; control: 2.17 Ϯ 0.22/10 m; p ϭ 0.00148), respectively, in shARID1B-expressing cells compared with control cells (Fig. 7 F, G) . ARID1B controls expression of genes that are associated with neural development ARID1B is a member of SWI/SNF chromatin remodeling complex that regulates gene expression (Ho and Crabtree, 2010) . Thus, we investigated the expression levels of potential target genes of ARID1B in the developing brain. We used a lentivirusmediated shRNA system to knock down ARID1B in cultured cortical neurons. Using RT-PCR and Western blotting, we first measured the mRNA and protein levels of c-Fos and Arc. ARID1B knockdown decreased the levels of c-Fos and Arc mRNA by 57% (shARID1B: 0.43 Ϯ 0.02 A.U.; control: 1 Ϯ 0.01 A.U.; p Ͻ 0.0001) and 50% (shARID1B: 0.50 Ϯ 0.02 A.U.; control: 1 Ϯ 0.07 A.U.; p ϭ 0.000454), respectively ( Fig. 8 A, B) . Similarly, protein levels of c-Fos and Arc were reduced by 51% % (shARID1B: 0.49 Ϯ 0.02 A.U.; control: 1 Ϯ 0.01 A.U.; p Ͻ 0.0001) and 44% (shARID1B: 0.56 Ϯ 0.03 A.U.; control: 1 Ϯ 0.01 A.U.; p Ͻ 0.0001), respectively, in ARID1B-deficient neurons (Fig. 8C,D) . Furthermore, the phosphorylation of CREB that is an inducer of c-Fos and Arc (Saito et al., 2013) .) significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. C, Western blotting was performed to measure the protein levels of c-Fos, Arc, and p-CREB in control and ARID1B-deficient neurons. D, Quantification of protein levels shown in C. n ϭ 3 independent cortical cultures using three mice. Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. E, Phosphorylation levels of ERK1/2, p38, and JNK in control and ARID1B-deficient neurons were assessed by Western blotting. F, Quantification of phospho-protein levels shown in E. The relative levels of phospho-proteins were normalized to total protein levels. n ϭ 3 independent cortical cultures using three mice. Statistical significance was determined by two-tailed Student's t test. **p Ͻ 0.01. G, ARID1B deficiency decreases the levels of neurite growth-associated transcripts. H, Quantification of G. n ϭ 3 independent cortical cultures using three mice. Statistical significance was determined by two-tailed Student's t test. ***p Ͻ 0.001. pho-ERK1/2 level was not changed (shARID1B: 1.04 Ϯ 0.04 A.U.; control: 1 Ϯ 0.04 A.U.; p ϭ 0.600092; Fig. 8 E, F ) .
These results suggest that ARID1B regulates c-Fos and Arc induction via p38/JNK-mediated activation of CREB. Finally, we examined the expression of genes associated with neurite development because of the important role of ARID1B in dendritic development. STMN2 functions in microtubule dynamics (Ravelli et al., 2004) , and its expression level is reduced in patient and mouse models of Rett syndrome (Nectoux et al., 2010 (Nectoux et al., , 2012 . Both GAP43 and GPRIN1 play important roles in neurite outgrowth (Skene, 1989; Nordman and Kabbani, 2012) . We found that the mRNA levels of neurite-associated genes, such as STMN2, GPRIN1, and GAP43, were significantly downregulated after ARID1B knockdown by 64% (shARID1B: 0.36 Ϯ 0.04 A.U.; control: 1 Ϯ 0.04 A.U.; p Ͻ 0.0001), 58% (shARID1B: 0.42 Ϯ 0.07 A.U.; control: 1 Ϯ 0.04 A.U.; p ϭ 0.000372), and 42% (shARID1B: 0.58 Ϯ 0.05 A.U.; control: 1 Ϯ 0.04 A.U.; p ϭ 0.00063), respectively (Fig. 8G,H ) . Our results show that ARID1B controls the gene expression of c-Fos, Arc, and neuriteassociated genes in developing neurons, and suggest that the altered gene expression contributes to the abnormal development of ARID1B-deficient neurons.
ARID1B regulation of c-Fos and Arc expression suggests that ARID1B binds to c-Fos and Arc promoters. To test this idea, we performed ChIP assays with an ARID1B antibody followed by amplifying c-Fos and Arc promoter regions using PCR. We found that ARID1B indeed physically interacted with c-Fos and Arc promoters (Fig. 9A) . A ChIP assay with an acetyl-histone H3 antibody was used as a positive control. Next, using ChIP-PCR assays, we examined whether ARID1B determines the binding strength of Brg1, which is an important regulator of transcription and is another component of the SWI/SNF complex (Wang et al., 1996; Trotter and Archer, 2008) . ARID1B interaction with either c-Fos or Arc promoter was markedly decreased after ARID1B knockdown, indicating that the interaction is specific (Fig.  9 B, C) . Brg1 also showed an interaction with c-Fos and Arc promoters. Importantly, ARID1B knockdown reduced the strength of the Brg1-c-Fos promoter interaction (Fig. 9B) . A very similar pattern was found in Brg1-Arc promoter interaction. Band intensities of c-Fos and Arc promoters after ARID1B knockdown were decreased by 51% (shARID1B: 0.49 Ϯ 0.04 A.U.; control: 1 Ϯ 0.07 A.U.; p ϭ 0.013927) and 48% (shARID1B: 0.52 Ϯ 0.06 A.U.; control: 1 Ϯ 0.08 A.U.; p ϭ 0.037836), respectively, compared with controls (Fig. 9C ).
Finally, we tested whether the overexpression of c-Fos or Arc restores dendritic arborization in ARID1B-deficient neurons. We cultured cortical neurons and transfected them with a control shRNA, an shARID1B, a c-Fos plasmid, an shARID1B, and a c-Fos plasmid, or an shARID1B and an Arc plasmid. The expression of shARID1B reduced the number and length of dendrites (Fig. 9 D, E) . Importantly, the coexpression of c-Fos partially rescued the inhibitory effect of shARID1B in dendritic growth. The number and length, respectively, of dendrites were increased by 104% (shARID1B: 2.0 Ϯ 0.3; shARID1B/c-Fos: 4.1 Ϯ 0.4; p ϭ 0.002027) and 115% (shARID1B: 67 Ϯ 3.4 m; shARID1B/cFos: 144 Ϯ 4.5 m; p Ͻ 0.0001), compared with those in neurons transfected with only shARID1B (Fig. 9E) . Arc coexpression also led to a significant rescue in the number and length, respectively, of dendrites (shARID1B: 2.0 Ϯ 0.3; shARID1B/Arc: 4.2 Ϯ 0.4; p ϭ 0.002027; shARID1B: 67 Ϯ 3.4 m; shARID1B/Arc: 143 Ϯ 8.1 m; p Ͻ 0.0001; Fig. 9 D, E) . The overexpression of either c-Fos or Arc itself led to no significant changes in the number of neurites compared with control shRNA expression alone (control: 5.6 Ϯ 0.5; control/c-Fos: 6.4 Ϯ 0.5; p ϭ 0.29949, control/Arc: 6.8 Ϯ 0.4; p ϭ 0.09435). These results suggest that c-Fos and/or Arc expression may be associated with ARID1B function in dendritic differentiation. However, the lengths of neurites were increased by c-Fos or Arc expression alone [control: 170 Ϯ 8.3 m; control/c-Fos: 221 Ϯ 9.3 m (p ϭ 0.001995); control/Arc: 236 Ϯ 10.4 m (p ϭ 0.000553)]. Thus, the rescue of the shARID1B phenotype might also be caused by a nonspecific effect of c-Fos and Arc on dendritic complexity that masks the shRNA phenotype. Additionally, we coexpressed c-Fos and shARID1B in utero at E14.5, and assessed cortical dendrites at P14. Coexpression of c-Fos partially recovered the number (control: 5.4 Ϯ 0.4; shARID1B: 1.6 Ϯ 0.2; shARID1B/c-Fos: 4.6 Ϯ 0.5; p ϭ 0.000725 between shARID1B and shARID1B/c-Fos) and the length (control: 392 Ϯ 17 m; shARID1B: 190 Ϯ 24 m; shARID1B/c-Fos: 333 Ϯ 13 m; p ϭ 0.002138 between shARID1B and shARID1B/ c-Fos) of dendrites compared with shARID1B expression itself (Fig. 9 F, G ).
Discussion
We demonstrate the role of ARID1B in dendritic arborization and synaptic development in the developing brain. Our findings suggest that ARID1B plays an important role in the establishment of cognitive circuitry by regulating dendritic complexity. Thus, the defective differentiation of pyramidal neurons induced by ARID1B deficiency may cause intellectual disability via insufficient reception of inputs and the subsequent generation of abnormal outputs.
Recent studies (Yan et al., 2008) have shown that ARID1B is expressed in embryonic stem cells, and that its expression is associated with the maintenance and differentiation of these cells. However, there has been no information available about the expression pattern of embryonic and postnatal brains in which neurons find their destination and establish functional connections in the brain. We found that ARID1B is strongly expressed in differentiated neurons in the developing and postnatal mouse brains. These results suggest that ARID1B is involved in neuronal differentiation and maturation in mammalian brains. Indeed, using an in utero gene delivery strategy, we demonstrated that ARID1B is required for developing pyramidal neurons to generate a complex dendritic architecture. It is important to note that abnormalities in dendritic arborization are linked to the pathology of intellectual disability (Huttenlocher, 1974; Machado-Salas, 1984; Kaufmann and Moser, 2000) . For example, abnormalities in the dendritic morphology of cortical neurons are identified from postmortem brain samples obtained from individuals with intellectual disability (Huttenlocher, 1974) . Furthermore, the decreased complexity of dendritic branching in cortical pyramidal neurons is found in human brains from individuals with Rett syndrome (Belichenko et al., 1994; Armstrong, 2005) . Similarly, in MeCP2 mouse models of intellectual disability, there are significant reductions in cortical dendritic branching and spines (Fukuda et al., 2005; Jentarra et al., 2010; Calfa et al., 2011; Samaco and Neul, 2011; Jiang et al., 2013) . Interestingly, the abnormal dendrites of ARID1B-deficient pyramidal neurons phenocopy the dendritic morphology of the unbranched apical shafts in a MeCP2 mutant mouse (Jentarra et al., 2010) . Thus, problems in establishing dendritic complexity appear to play a key role for the pathogenesis of ARID1B-associated intellectual disability. Chromatin remodeling is associated with dendritic differentiation ( After cross-linking and sonication, lysates were immunoprecipitated with an antibody to acetyl-histone H3 (positive control) or ARID1B. IgG fraction was used as a negative control. Then, c-Fos or Arc promoters were amplified by PCR. B, ARID1B knockdown reduces Brg1 binding to c-Fos and Arc promoters. Cortical neurons from E16.5 mice were cultured and infected with a lentivirus, pLVX-shARID1B. Cellular lysates from the cultures were subjected to ChIP-PCR. C, Quantification of B. The band intensities were measured using ImageJ. n ϭ 3 (Figure legend continues.) of the SWI/SNF complex, are required for activity-dependent dendritic outgrowth and synaptic plasticity in the brain (Wu et al., 2007; Yoo et al., 2009; Vogel-Ciernia et al., 2013) . Thus, our data are consistent with these previous findings and suggest a critical role for the complex in neural circuitry formation in the developing brain.
Our data showed that dendritic outgrowth and branching into layer I were markedly decreased in ARID1B-deficient neurons. Layer I is a largely cell-free zone, originating from the marginal zone of the developing cortical plate (Marín-Padilla, 1990 ). This layer contains mainly apical dendritic extensions of layer II/III pyramidal neurons and horizontally oriented axons from subcortical regions (Wyss et al., 1990; Shipp, 2007) . Studies have shown that dendrites in cortical layer I receive long-range inputs from multiple brain regions, including the cortex itself and thalamic areas (Cauller, 1995; Rubio-Garrido et al., 2009) , as well as local inputs of GABAergic interneurons (Schwartz et al., 1998; Soda et al., 2003) . Thus, inputs into the apical dendrites in layer I are crucial for the feedback interactions in the cerebral cortex that are involved in associative learning and attention. These findings suggest that the ARID1B-associated pathology is attributed to the defective reception of inputs within layer I. Interestingly, disrupted balance between inhibitory and excitatory transmission is implicated in neurodevelopmental disorders (Rubenstein and Merzenich, 2003; Ramamoorthi and Lin, 2011) . For example, inhibitory input is more severely decreased than excitatory drive in the UBE3A mutant mouse, a model of Angelman syndrome featuring intellectual disability and seizure susceptibility (Wallace et al., 2012) . Thus, the decreased dendritic innervation into layer I caused by ARID1B deficiency may disrupt to receive balanced excitatory and inhibitory inputs and thereby to create pathologic conditions of intellectual disability.
Spines form abnormally in ARID1B-deficient neurons, featuring a decrease in spine numbers and the prevalence of filopodia-like immature spines. Abnormalities in dendritic spine formation and dynamics are found in neurodevelopmental disorders associated with intellectual disabilities (Purpura, 1974; Fiala et al., 2002) . Furthermore, a reduction in spine size along dendrites has been reported in people with Down syndrome and schizophrenia (Marín-Padilla, 1976; Roberts et al., 1996) . The morphological abnormality is functionally relevant, given that ARID1B deficiency suppresses excitatory and inhibitory synaptic transmission. Thus, our results suggest that the synaptic maturation process is dependent on ARID1B activity and that ARID1B insufficiency contributes to clinical outcomes by creating inappropriate synaptic connectivity and transmission. Structural changes of dendritic spines are correlated with functional changes of neural circuitry during experience-dependent plasticity (Matsuzaki et al., 2004; Holtmaat et al., 2006; Tropea et al., 2010) . It will be interesting to test whether the spines absent ARID1B can undergo structural and functional plasticity.
Although ARID1B is a chromatin remodeler, little is known about the genes downstream of ARID1B in neural cells. We found that ARID1B deficiency suppressed c-Fos and Arc expression. c-Fos and Arc and their upstream inducers, such as CREB and JNK, play critical roles in dendritic and synaptic development (Redmond et al., 2002; Kwon et al., 2011; de Anda et al., 2012) . For example, mice lacking c-Fos show aberrant synaptic plasticity (Fleischmann et al., 2003) . Arc mRNA is selectively localized to dendrites and spines (Lyford et al., 1995; Steward et al., 1998) . CREB phosphorylation induces dendritic arborization by activating downstream target genes (Redmond et al., 2002; Kwon et al., 2011) . Activation of JNK modulates dendritic formation in the developing cortex (de Anda et al., 2012) . Thus, our data showing ARID1B deficiency leads to aberrant expression of c-Fos and Arc, and their upstream inducers suggest that ARID1B regulates dendritic/spine differentiation via JNK/ CREB-mediated c-Fos and/or Arc expression. Interestingly, these factors are downstream targets of neurotrophin signaling (Ying et al., 2002; Calella et al., 2007) . ARID1B may play a role in dendrite and synaptic development by participating in neurotrophin-mediated c-Fos and/or Arc expression. Our data suggest that ARID1B directly controls c-Fos and Arc gene expression by binding to these promoters. Given that ARID1B knockdown modulates the interaction affinity of Brg1 in c-Fos and Arc promoters, ARID1B may facilitate the access of other components of the SWI/SNF complex (or other chromatin modifiers) for c-Fos and Arc expression. ARID1B knockdown alters the expression of genes that promote neuronal migration and neurite outgrowth, such as GAP43, GPRN1, and STMN2. The reduction in GPRIN1 draws attention because G-protein signaling has been exploited for therapeutic targeting. Additionally, we noticed that ARID1B deficiency induced a decrease in STMN2 level in cortical neurons. Reduced expression of this gene is associated with Rett syndrome (Nectoux et al., 2010) , suggesting that the regulation of STMN2 level is a core mechanism of ARID1B neural functions.
Coffin-Siris syndrome features developmental disability in anatomy and behavior. Intellectual disability is a major characteristic for individuals with this condition (Fleck et al., 2001; Schrier et al., 2012) . Our findings are relevant to the developmental delay noted in children with Coffin-Siris syndrome. Furthermore, haploinsufficiency of ARID1B causes intellectual disability (Hoyer et al., 2012) . Our mouse model, using in utero electroporation with shRNA, knocks down the ARID1B gene but does not completely remove the gene product. Thus, this animal model can nicely represent the pathological conditions of intellectual disability, including Coffin-Siris syndrome. Treatment for intellectual disability may eventually be developed by modulating activities of chromatin remodeling components. For example, a recent study (Li et al., 2010) showed that ARID1B has E3 ubiquitin ligase activity and targets histone H2B. E3 ubiquitin ligases and histone H2B play critical roles in neuronal morphogenesis (Vadhvani et al., 2013; Wong et al., 2013; Ishino et al., 2014) . In this regard, further studies on the biochemical roles of ARID1B need to be elucidated.
